Polymers are highly attractive for their inherent properties of mechanical flexibility, light weight, and easy processing. In addition, some polymers exhibit large property changes in response to electrical stimulation, much beyond what is achievable by inorganic materials. This adds significant benefit to their potential applications.
Introduction
Electroactive polymers (EAPs) are materials that respond mechanically to electrical stimulation. Their electromechanical response, exhibiting large strain when subjected to electrical stimulation, makes them the human-made actuators that most closely emulate natural muscles. For this ability, EAP materials have earned the name "artificial muscles." 1 There are many polymers that are considered EAPs, and there are several different mechanisms that determine their response to electrical stimulation. Some of the leading types of EAP materials are covered in the six articles included in this special issue of MRS Bulletin.
Impressive advances in improving the actuation strain capability of EAPs are attracting the attention of engineers and scientists from many different disciplines. These materials are particularly attractive in biomimetics, since they can be used to mimic the movements of humans, ani-
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Yoseph Bar-Cohen and Qiming Zhang, Guest Editors perature, or magnetic activation to change shape or size. However, the convenience and the practicality of electrical stimulation and the recent improvement in capabilities have made EAPs one of the most attractive among the mechanically responsive polymers.
History and Currently Available EAP Materials
The field of EAPs can be traced back to an 1880 experiment conducted by Roentgen using a rubber strip with one end fixed and the other attached to a mass that was subjected to an electric field across the rubber band. 3 The strip responded to the stimulation with an elongation. Sacerdote 4 followed this experiment with a formulation of the strain response to electric-field activation. A subsequent progress milestone was recorded in 1925, with Eguchi's discovery of a method for making an electret by solidifying carnauba wax, rosin, and beeswax under a dc bias field. 5 Electrets are insulators-today typically made of polymer materials-that can hold a charge after being polarized in an electric field, similar to the way an iron bar is magnetized by exposure to a magnetic field. Electrets generate voltage when subjected to stress and deform when voltage is run across them. However, their strain and work output is generally too low to be applicable as actuators, and therefore their use has been limited to sensors. After the 1969 observation of substantial piezoelectric activity in poly(vinylidene fluoride) (PVDF), 6 investigators started to examine other polymer systems, and a series of effective EAP materials have emerged. [7] [8] [9] [10] [11] [12] Polymers with significant mechanical response began to emerge at the beginning of the 1990s. Such EAP materials as dielectric elastomers were demonstrated to generate strains of more than 100% with a relatively fast response speed (<0.1 s). 1, 13, 14 The key EAP material types known today and their activation mechanisms are illustrated in the articles in this issue. These material types are divided into two major groups: field-activated and ionic EAPs.
Field-activated EAPs are driven by the Coulomb interaction (electrostatic force) produced by the electric field created between the coating electrodes on films or by charge on a local scale. Strain manifests from molecular, microscopic, or macroscopic phenomena in response to an applied electric field (see Tables I and II as  well as Figures 1 and 2 ). An applied electric field may induce a molecular conformation change as the dipoles are aligned with the field. Examples include a piezoelectric strain concomitant with a ferroelectric response at crystalline phase, and a bulk elastic strain from local field changes at nonuniform material features and trapped space charges. Fieldactivated EAPs are covered in the article by Cheng et al. in this issue. Since the actuation does not involve diffusion of charge species, they respond quite fast (<10 −3 s). This type of EAP can be made to hold the induced displacement while activated under a dc voltage without consuming electrical energy, making these EAPs highly efficient for robotic applications. These materials have a high mechanical energy density. However, generating a large deformation requires a high activation field of 100 V/µm or more, which may be close to the electric breakdown level. From a basic energy-conservation point of view, the required high activation field is the result of the low dielectric constant in the polymer, which is typically <10. Substantially raising the dielectric constant of the activated polymer while maintaining a high electric breakdown strength is a challenge and a worthy research area to further advance fieldactivated EAPs. The performance of these EAPs may also be improved by employing multilayer structures with film thicknesses of <1 µm, to generate a high field with low voltage.
In contrast to the field-activated EAP materials, ionic EAPs are materials that involve drifting or diffusion of ions. They consist of an electrolyte between two electrodes. Examples of ionic EAP materials include ionic polymer-metal composites (IPMCs) (covered by Park and co-authors in this issue), conductive polymers (covered by Smela), and gels (covered by Calvert). Because of the actuation mechanism (ionic motion) and their mechanical properties, carbon nanotube actuators (covered by Qu and co-authors) are also classified as ionic EAP materials.
Conductive polymers exhibit volume constriction as water and anions leave an oxidized polymer during reduction, and ionic polymer-metal composites with a stationary anionic framework have directional volume expansion as hydrated cations move toward one electrode. Gels show volume expansion as water forms at the anode and flows toward a cathode in a cell, and sheets of carbon nanotubes bend as carbon-carbon bond lengths change and cation surface charges interact with the applied field. One unique advantage is that the activation of the ionic EAP can be done by as low as 1-2 V. On the other hand, high current density is required in order to make up for the electrical energy input in actuation. The macroscopic 
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motion of charged species, responsible for the actuation, results in low actuation speed (on the order of seconds). Their disadvantages are the need to maintain wetness (electrolytes) and their low efficiency (~1%). An emerging field in EAPs is molecular motors (Figure 3 ), which are organic molecules displaying huge shape change under electric excitation (covered by Huang in this issue). Recent advances in this field of EAPs have led to strains of 40%-60% and energy densities at the molecular level of ~50 J/cm 3 . Having such energy density values make these motors potentially able to perform significant manipulation tasks at micron scales. Integrating such molecular EAP materials into nanoscale and mesoscale devices, although a great challenge, can potentially lead to exciting new applications in the EAP field.
Despite the enormous progress that has been made in recent years, EAP materials are still far from being considered the actuator material of first choice by engineers and designers. Some of the current limitations of EAP materials include their low durability and performance reproducibility, as well as the lack of established databases and standard products. To reach the required level of maturity, there is a need for establishing scientific and engineering foundations. Improving understanding of the basic principles that drive the various EAP material types, designing effective computational chemistry models and electromechanical analytical tools, developing comprehensive knowledge of the related materials science, and enhancing materials processing techniques are required. To address the materials limitations and lay further groundwork in the field, studies are under way. This research will provide pathways to gain better understanding and characterization of the parameters that control the force and deformation response of EAP materials. Meanwhile, efforts are being made to develop effective processes for synthesizing, fabricating, electroding, shaping, and handling these materials. Databases are being established to support users of these materials.
Applications of EAPs
The properties of EAP materials, which include resilience, fracture tolerance and operation similarity to biological muscles, make them very attractive for a wide variety of biomimetic, robotic, and engineering applications. In recent years, there has been significant progress in the field of EAPs toward making practical actuators, and commercial products are starting to emerge. Successful devices that have been reported use the ability of such EAPs as the IPMC to bend significantly under lowvoltage activation as well as dielectric elastomers to produce large strain. Some reported EAP-actuated devices include audio speakers, focus control for cameras in cellular telephones, miniature manipulators and grippers, active diaphragms for pumps, and a dust wiper for a rover in a space application. 1 At the end of 2002, an EAP-actuated product was announced by Eamax, Japan, and it is a biomimetic device in the form of a robot that looks and acts like a fish in an aquarium. Generally, the application of EAP materials as actuators for driving manipulation, mobility, and robotic devices involves disciplines that include materials science, chemistry, electromechanics, control and computer algorithms, and electronics. To minimize the complexity associated with the need for a broad range of expertise, efforts are being made to establish databases and commercial EAP products (see links for initiatives of databases at http://eap.jpl.nasa.gov/).
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Space applications are among the most demanding in terms of the harshness of the operating conditions (extreme temperatures, high pressure or vacuum, radiation effects, and very high reliability and durability requirements). Space applications are in great need of materials that can operate in a wide temperature range, between nearly absolute zero up to hundreds of degrees Celsius. The EAP materials today are not applicable to handle the related challenges.
Another challenge in aerospace is the need for large-scale EAPs in the form of films and fibers. The required dimensions can be as large as several meters or kilometers, and in such dimensions, they can be used to produce large gossamer structures such as antennas, solar sails, and various large optical components. Biomimetic capabilities using EAP material will potentially allow space agencies to conduct missions on other planets using robots that emulate human operation.
In an effort to promote the realization of the potential of EAP materials, one of the
Contracted Molecule (Ox) Oxidation Figure 3 . Molecular motors, where shape change on the molecular level is used to form an actuator (covered in Huang's article). Principle: An artificial molecular muscle called bistable [3] rotaxane is composed of a symmetrical dumbbell component with two rings interlocked onto the dumbbell. The distance between the two rings contracts and extends upon oxidation and reduction. These molecular muscles, when self-assembled on microcantilever beams, are capable of bending and stretching the beams upon oxidation and reduction. 
Summary and Outlook
For many years, electroactive polymers received relatively little attention, due to their limited actuation capability at the level of a fraction of a percent of strain and the small number of available materials.
Since the early 1990s, a series of new EAP materials have emerged that exhibit large strain levels from 4% to more than 100% and elastic energy density exceeding 1 J/cm 3 in response to electrical stimulation. This capability of the new EAP materials made them attractive as actuators for their operational similarity to biological muscles, particularly their resilience, damage tolerance, and ability to induce large actuation strains (stretching, contracting, or bending).
Even though the actuation performance of existing EAP materials and their robustness require further improvement, there have already been reported successes in the development of EAP-actuated mechanisms. Most of the considered applications are still far from being practical. While there are many potential applications, if EAP materials are developed to operate internal organs inside a human body, this technology can have a tremendously positive impact on many human lives.
To make the field-activated EAP materials applicable for commercial devices, it is necessary for them to produce large strain using dramatically lower voltages than currently needed. This may be achieved by increasing the polymer dielectric constant using support fillers to form effective composite EAP materials. Meanwhile, advancing the ionic group of EAP materials requires increasing their response speed and lifetime and developing new materials that can be operated in "dry" environments by adding an effective protective coating layer or working with solvents of near-zero vapor pressure. Addressing these challenges to improving the capability and performance of EAP materials requires a better understanding of their operation mechanism along with improved fabrication and characterization techniques.
The field of EAPs is far from mature; however, the number of researchers and engineers who are pursuing careers in EAPrelated disciplines is steadily increasing, which is helping to address the challenges in the field and enhance the capabilities of the materials. In order to exploit the highest benefits from EAPs, multidisciplinary cooperative efforts need to grow among scientists and engineers, including such experts as chemists, materials scientists, roboticists, computer and electronic engineers, and medical professionals. Advances are needed in developing a better understanding of the material behavior. Effective sensors and control algorithms are needed to address the unique and challenging requirements for practical EAP actuators.
Despite their limitations, EAPs have unique properties that could fit niche actuation, sensing, and biomimetic applications. The materials community continues to develop devices and applications that take advantage of the current state of the art of EAPs. 
